Spatial and temporal coregistration of nuclear and optical images can enable the fusion of the information from these complementary molecular imaging modalities. A critical challenge is in integrating the optical and nuclear imaging hardware. Flexible fiber-based fluorescence-mediated tomography (FMT) systems provide a viable solution. The various bore sizes of small-animal nuclear imaging systems can potentially accommodate the FMT fiber imaging arrays. In addition, FMT imaging facilitates coregistration of the nuclear and optical contrasts in time. Herein, we combine a fiber-based FMT system with a preclinical SPECT/CT platform. Feasibility of in vivo imaging is demonstrated by tracking a monomolecular multimodal imaging agent (MOMIA) during transport from the forepaw to the axillary lymph node region of a rat. Methods: The fiber-based, videorate FMT imaging system is composed of 12 sources (785-and 830-nm laser diodes)) and 13 detectors. To maintain high temporal sampling, the system simultaneously acquires ratio-metric data at each detector. A 3-dimensional finite element model derived from CT projections provides anatomically based light propagation modeling. Injection of a MOMIA intradermally into the forepaw of rats provided spatially and temporally coregistered nuclear and optical contrasts. FMT data were acquired concurrently with SPECT and CT data. The incorporation of SPECT data as a priori information in the reconstruction of FMT data integrated both optical and nuclear contrasts. Results: Accurate depth localization of phantoms with different thicknesses was accomplished with an average center-of-mass error of 4.1 6 2.1 mm between FMT and SPECT measurements. During in vivo tests, fluorescence and radioactivity from the MOMIA were colocalized in spatially coincident regions with an average center-of-mass error of 2.68 6 1.0 mm between FMT and SPECT for axillary lymph node localization. Intravital imaging with surgical exposure of the lymph node validated the localization of the optical contrast. Conclusion: The feasibility of integrating a fiber-based, video-rate FMT system with a commercial preclinical SPECT/CT platform was established. These coregistered FMT and SPECT/CT results with MOMIAs may facilitate the development of the next generation of preclinical and clinical multimodal optical-nuclear platforms for a broad array of imaging applications and help elucidate the underlying biologic processes relevant to cancer diagnosis and therapy monitoring.
Spatial and temporal coregistration of nuclear and optical images can enable the fusion of the information from these complementary molecular imaging modalities. A critical challenge is in integrating the optical and nuclear imaging hardware. Flexible fiber-based fluorescence-mediated tomography (FMT) systems provide a viable solution. The various bore sizes of small-animal nuclear imaging systems can potentially accommodate the FMT fiber imaging arrays. In addition, FMT imaging facilitates coregistration of the nuclear and optical contrasts in time. Herein, we combine a fiber-based FMT system with a preclinical SPECT/CT platform. Feasibility of in vivo imaging is demonstrated by tracking a monomolecular multimodal imaging agent (MOMIA) during transport from the forepaw to the axillary lymph node region of a rat. Methods: The fiber-based, videorate FMT imaging system is composed of 12 sources (785-and 830-nm laser diodes)) and 13 detectors. To maintain high temporal sampling, the system simultaneously acquires ratio-metric data at each detector. A 3-dimensional finite element model derived from CT projections provides anatomically based light propagation modeling. Injection of a MOMIA intradermally into the forepaw of rats provided spatially and temporally coregistered nuclear and optical contrasts. FMT data were acquired concurrently with SPECT and CT data. The incorporation of SPECT data as a priori information in the reconstruction of FMT data integrated both optical and nuclear contrasts. Results: Accurate depth localization of phantoms with different thicknesses was accomplished with an average center-of-mass error of 4.1 6 2.1 mm between FMT and SPECT measurements. During in vivo tests, fluorescence and radioactivity from the MOMIA were colocalized in spatially coincident regions with an average center-of-mass error of 2.68 6 1.0 mm between FMT and SPECT for axillary lymph node localization. Intravital imaging with surgical exposure of the lymph node validated the localization of the optical contrast. Conclusion: The feasibility of integrating a fiber-based, video-rate FMT system with a commercial preclinical SPECT/CT platform was established. These coregistered FMT and SPECT/CT results with MOMIAs may facilitate the development of the next gener-Mul timodal imaging strives to improve on unimodal imaging by combining multiple contrasts. For example, combining anatomic and molecular imaging (PET/CT and SPECT/CT) has provided an anatomic context for the detailed molecular information from the nuclear contrasts (1-3). However, full fusion of the anatomic and molecular information is limited by the relatively weak connection between the different contrasts. Alternatively, multiple molecular contrasts might be joined through specific links (4-6). For example, optical methods have unique activation contrast mechanisms, which are complementary to PET/SPECT information. The information available to both nuclear and optical contrasts can be harnessed directly using a monomolecular multimodal imaging agent (MOMIA) (4-7). Imaging of MOMIAs requires suitable instrumentation and algorithms. To combine optical data with PET/SPECT data, optical contrasts can be imaged in 3 dimensions by diffuse optical tomography (DOT) (8) (9) (10) (11) (12) (13) . In this work, we demonstrate the feasibility of combining a previously reported fiber-based, video-rate fluorescencemediated tomography (FMT) system (14) with a preclinical NanoSPECT/CT platform (Bioscan, Inc.) for combined optical and nuclear imaging of dynamic events associated with lymphatic transport.
The design and construction of a multimodal imaging platform presents several challenges. The first is integrating hardware such that each modality can function with minimal, or acceptable, interference from the others. Hardware integration requires compatibility of all the parts for both platforms. The second challenge is spatial and temporal coregistration of information from the disparate reporting strategies under each modality. For instance, the distinct chemical and physical characteristics of traditional contrast agents might lead to different biodistribution and migration rates. MOMIAs are being developed to address these pharmacokinetic issues. Recent work has demonstrated the use of this approach for SPECT/optical imaging (5, 15, 16) , PET/optical imaging (6, 7, 17) , and MR/optical imaging (18) (19) (20) . The last challenge is determining how to merge the anatomic or functional information from multiple technologies into a single imaging output, which is currently a subject of intensive research, though most of the work is focused on incorporating structural information from radiography or CT (8, 11, 16) or MR imaging (18, 21) with molecular imaging. Merging information that leverages the respective strengths of each modality would provide new insight into biologic processes relevant to cancer diagnosis and therapy monitoring (4, 11) .
To address the instrument integration challenges, we took advantage of the flexibility of fiber arrays to provide a compact conduit of light to and from the animal so that the FMT imaging array could fit into the bore of the existing NanoSPECT/CT system without modifications. In addition, to facilitate integration of the nuclear and optical contrasts, we used a MOMIA that was based on a radiolabeled nearinfrared dye synthesized in our laboratory (6) .
Feasibility studies of simultaneous fluorescence and radioactive imaging were performed in tissue-simulating phantoms and in vivo in rats. Accurate depth localization of the MOMIA targets was established to depths of up to 10 mm. Fluorescence and radioactivity from an injection of MOMIA into the forepaw region was imaged over time to follow the lymphatic dynamics. These studies were used to assess whether the proposed combined multimodal platform had the potential to become a practical tool for a broad array of imaging applications, ranging from the detection of early disease to the monitoring of disease progress and therapies.
MATERIALS AND METHODS

Fiber-Based FMT Imaging System
DOT sources and detector consoles (laser diodes with a wavelength of 785 nm [DL7140-201S; Thorlabs; 3.5 mW] and 830 nm [HL8325G; Thorlabs; 1.5 mW]) have dedicated drivers and control lines for each source to allow flexible software-configurable source encoding (frequency and time encoding). The detection channels use optically filtered discrete avalanche photodiodes (C5460-01; Hamamatsu) digitized with dedicated 24-bit analog-to-digital converters (HD192; Motu). The narrowband optical filters (CVI) have an 830 6 10 nm center wavelength and an out-of-band rejection of OD4, thus blocking the excitation light while passing the fluorescence and reference signals. An aspheric lens was used to collimate the light to optimize the blocking of excitation light by the narrowband interference filter and to enhance the detection of fluorescence signal. With this scheme, we acquired frequency-encoded fluorescence emission and reference transmission (used to normalize the measured fluorescence) light levels concurrently at each detector. These ratio-metric data allow DOT reconstructions using the normalized Born approximation, resulting in a map of quantified fluorochrome distribution. All data were acquired at a frame rate of 30 Hz. One hundred eight measurements from source-detector pairs representing the first, second, and third nearest neighbors were used for image reconstruction. Further design elements and capabilities of the fiber-based, video-rate FMT are detailed in a previous publication (14) .
The DOT imaging fiber array is composed of a grid of alternating sources (n 5 12) and detectors (n 5 13). Light from the sources is coupled into a 0.5 numeric aperture with 2.5-mm-diameter fiber bundles made of borosilicate glass sheathed with lightweight silicone. The DOT imaging array, composed of flexible silicone with right-angle fibers, was integrated with the NanoSPECT/CT system.
SPECT/CT Acquisition
To test the compatibility of inserting our fiber-based FMT into a nuclear platform, we used a NanoSPECT/CT platform. For NanoSPECT/CT, CT was performed first (using a 45-kVp energy tube at 177 mA and 180 projections, with a 400-ms exposure with a pitch of 1) and then helical SPECT followed (16 projections, with 60 s each). CT and SPECT projections were reconstructed using InvivoScope software (Bioscan, Inc.). The high-resolution Nano-SPECT/CT anatomic and radioactive datasets have an isotropic voxel size of 0.4 and 0.6 mm, respectively.
MOMIA Synthesis
DOTA-Gly-Ser-Gly-Lys(Cypate)-E-Ahx-NH 2 , LS444, was synthesized and radiolabeled with 111 InCl 3 (111 kBq [3.0 mCi]; MDSNordion) in aqueous buffer (190 mL, 0.4 M sodium acetate, pH 4.5, 30 min, 98°C) as described previously (6,7). Labeling efficiency and radiochemical purity were checked by high-performance liquid chromatography (Supelcosil ABZ 1 Plus, HPLC column [Gilson], 15 cm · 4 mm, 5 mm), with a gradient of H 2 O and acetonitrile containing 0.1% trifluoroacetic acid. The radiochemical purities of peptides used in the studies were always above 95%. The specific activity was 8,251 kBq/nmol (223.0 mCi/nmol).
Experimental Protocol
Animal handling and preparation were performed according to the guidelines approved by the Washington University School of Medicine Animal Studies Committee for humane care and use of laboratory animals. A flowchart of the acquisition timeline is presented in Supplemental Figure 1A (supplemental materials are available online only at http://jnm.snmjournals.org). The rats (n 5 5; weight, 200-250 g; female Sprague-Dawley [HSD]) were first anesthetized via a mixture of ketamine and xylazine (85 and 15 mg/kg intraperitoneally, respectively). The MOMIA (100 mL of 111 In-LS444) was then administered via forepaw injection. Concurrent FMT and SPECT/CT scans were obtained immediately after injection.
The DOT imaging fiber array was securely positioned on top of the rat, which was then advanced into the NanoSPECT/CT chamber (Supplemental Fig. 1B ). The SPECT/CT regions were selected to include the injection site and the DOT imaging pad using a top-view topogram. CT was performed, followed by helical SPECT, with total acquisition times of 5 and 16 min, respectively. To evaluate the influence of the DOT array on the SPECT/CT datasets, we also acquired SPECT/CT data without the DOT fiber array with the same imaging protocol as described earlier (Supplemental Fig. 1C ).
For reference and verification of 111 In-LS444 uptake by the lymph nodes (LNs), reflectance fluorescence images were acquired in vivo before and after removal of overlying skin after euthanasia using the near-infrared reflectance fluorescence system (Pearl; LiCor Biosciences). Fluorescence and brightfield microscopy images of the excised LNs were acquired using a BX51 upright epifluorescence microscope (Olympus America) (supplemental data).
To evaluate the performance of the system as a function of depth, we followed the approach used for the stand-alone FMT system (14) but in this instance with MOMIA targets. The tissuemimicking phantoms were constructed by mixing agarose (SigmaAldrich) with intralipid (20% fat emulsion; Fresenius Kabi), and India ink (Speedball) to obtain the appropriate absorption and scattering properties m a 5 0.19 cm 21 and m9 s 5 3.4 cm 21 , respectively. The mixture was poured into a mold and allowed to solidify at room temperature. Targets consisting of 3-mm-diameter plastic tubes filled with the MOMIA were prepared and embedded at 4-, 7-, and 10-mm depths in the tissue-simulating phantoms. The imaging protocols described above were implemented to acquire optical and nuclear datasets of the phantoms with targets at different depths.
Fluorescence DOT Reconstruction
We generated a subject-specific 3-dimensional (3D) finite element model (FEM) ( ½Fig: 1 Fig. 1 ). Using the anatomic data of rats obtained from 3D CT projections (Fig. 1A) , we created a tetrahedral mesh using Mimics (Materialise Inc.) with a maximum internodal distance of 1 mm both on the surface and within the mesh volume. The mesh, composed of 400,399 linear tetrahedral elements connected by 67,931 nodes, was segmented into 2 tissue types-bone and soft tissues-and the two tissue types were assigned their corresponding optical properties (m a 5 0.17 cm 21 , m9 s 5 24 cm 21 and m a 5 0.19 cm 21 , m9 s 5 34 cm 21 , respectively) (Figs. 1C and 1D, respectively) . A heterogeneous tissue model was used because previous studies have shown improvements relative to light models that assume homogeneous optical properties (22) (23) (24) (25) . For the tissue-simulating phantom imaging, we also used the 3D phantom CT projections and created a homogeneous mesh and assigned the corresponding optical properties (m a 5 0.19 cm 21 , m9 s 5 34 cm 21 ). A second anatomic CT dataset of each rat and tissue-mimicking phantom was obtained with DOT fibers in place and used to obtain the 3D coordinates of the optode (sources and detectors) positions (Fig. 1B) . The resulting FEM mesh and coregistered source and detector locations were used for light modeling (Fig. 1E) .
The light transport through the tissue was calculated using finite element software (NIRFAST) following our previously reported methods (26) . Briefly, an adjoint Jacobian matrix approach was used to construct a sensitivity matrix. The construction of the sensitivity matrix specific to fluorescence imaging follows the methods previously described (14) . The sensitivity matrix maps the relationship between the optical parameters (fluorescence distribution) and the measurements (27) using the normalized Born approach (14) . We directly inverted the sensitivity matrix via a Moore-Penrose generalized inverse method (28, 29) . The experimental source detector measurements were converted into images by matrix multiplication with the inverted matrix. The recovered fluorescence yield of the tissue at each FEM node was then presented in 3 dimensions and the mesh nodes transformed to a 3D space of 1 mm (isotropic voxel space) for integration with SPECT/CT data (the point spread function of the FMT system is ;1.2 cm at a 1-cm depth (14)).
The accuracy of the reconstructed FMT image was further improved using the radioactivity measurement obtained from SPECT data as a spatial priori to create a binary mask. The mask was then multiplied with the simulated light propagation matrix (sensitivity matrix) to constrain the FMT image reconstruction.
Quantification of Influence of FMT Fibers on SPECT and CT
We evaluated the potential for the presence of optical fibers to negatively affect the imaging performance of the SPECT/CT systems. The influence of the optical fibers on the transmitted x-ray depends on the linear attenuation coefficient (m) of glass fibers at a given energy window and the thickness of the fiber arrays (l) (Supplemental Fig. 1C ). The fraction of the transmitted x-ray beam was calculated using the equationI 5 I 0 e 2 mÁl , where I 0 and I are the incident and the transmitted x-ray beams, respectively, and l is the effective thickness of the glass fiber elements.
In addition, the normalized root mean square error (NRMSE) was used to quantify the distortions induced in the nuclear data due to the presence of the optical fibers:
where X is the nuclear image with DOT fiber array, and X ref is the reference image without the optical fibers. N is the total number of image pixels. NRMSE is computed for both the SPECT and the CT datasets.
Quantifying Image Quality: Localization Accuracy
The localization accuracy of the FMT reconstruction, compared with its corresponding SPECT datasets, was evaluated by calculating the absolute error in the center of masses (COMs) (of the optical and nuclear contrasts) of the LN volumes. The mean fluorescence and radioactivity intensity values in the x,y,z planes were computed for each subject from the reconstructed nuclear and optical datasets to find the COMs. In addition, the absolute error of the COMs was computed to assess the positional error between the fluorescence and radioactive distributions. The COMs and COM errors of the reconstructed MOMIA tubes were also computed by averaging the fluorescence and radioactive intensity values for each experimental depth. In addition, the difference in spatial resolution was quantified by comparing the volumetric ratio of the regions of interest between the nuclear and optical datasets of the various depths of the reconstructed tubes.
RESULTS
The goal of this study was to demonstrate the feasibility of combining fiber-based FMT with NanoSPECT/CT. This combined nuclear-optical platform obtained data from both contrast mechanisms concurrently in space and time. Signal from a MOMIA, 111 In-LS444, was used to facilitate the spatial integration of the nuclear and optical data.
The potential influence of the optical fibers on the nuclear imaging datasets was evaluated both by computing the x-ray beam attenuation due to glass fibers and, more directly, by measuring the variance introduced into the CT and SPECT signals by the DOT fiber array. The experimentally derived transmission losses for the x-ray beam were consistent with the trends of the theoretic estimates based on attenuation coefficients (energy-dependent) of the glass fiber ( ½Table 1  Table 1 ). Model calculations estimate the x-ray beam transmission through the fiber array to be 31% for CT (45 keV) and 68% for SPECT(245 keV).
The computation of the NRMSE also demonstrated the existence of distortion introduced by the optical fibers ( ½Fig: 2 Fig.  2A ) in the nuclear data. The NRMSE between the CT anatomic data with and without FMT imaging fibers (Figs. 2B and 2C, respectively) is 8.5%. The NRMSE between the radioactive datasets acquired in the presence (Fig. 2D) and absence (Fig. 2E ) of fibers is found to be 3.1 6 1.3%, which also accounts for the additional MOMIA accumulated in LNs during the process of acquiring the reference SPECT measurements. For improved visual reference, in the remainder of the article the fluorescence and radioactive data are coregistered and displayed on anatomic CT images obtained after removal of the DOT fiber arrays (Fig. 2E) .
Images of the MOMIA targets in tissue-mimicking phantoms confirm the localization of the targets in the range of the depths from 5 to 10 mm (Supplemental Fig. 3 ; Supplemental Tables 1 and 2 ). The average absolute error between the COM of the optical and nuclear datasets for all 3 depths was 4.1 6 2.1 mm. The average depth-dependent spread of the volume of the FMT data, compared with the SPECT data, was 2.4 6 0.95 after thresholding at 30% maximum.
The coregistered molecular information with its corresponding anatomic structure ½Fig: 3 (Fig. 3) demonstrates the feasibility of obtaining measurements with FMT and SPECT molecular contrasts and structural information with CT. An anatomic CT image of a rat provided structural information that facilitated segmentation of different tissue types, including bone and soft tissue. The tissue-segmented structure was used to generate a finite element mesh, and the corresponding optical properties of the different tissue types were assigned to each FEM to provide an accurate light propagation model for the FMT forward calculation (Fig. 1) .
Reconstructed FMT images show uptake of the MOMIA by the LNs in the axillary region (Fig. 3A) . The localized radioactive signal in the axillary region of the SPECT/CT image also demonstrated the uptake of the MOMIA by the axillary LNs (Fig. 3B) . The highly radioactive signals on the left forepaw, at the injection site, show the starting point of the lymph tract that leads to the axillary nodes. Because of the limited field of view of the FMT fiber array, the injection site is not visible in the reconstructed FMT image.
The uptake of 111 In-LS444 by the axillary LNs was further validated by combining the SPECT and FMT datasets. The coregistered FMT and SPECT/CT images ( Fig. ½Fig: 4 4A) demonstrate colocalization of the multimodal agent in a spatially coincident region. The colocalization confirms that the radioactive and fluorescence signals originate from the same location corresponding to the LNs. The low overlap percentage can be attributed to the difference in resolution (or point-spread function) between the optical and nuclear imaging systems and the presence of fractional component of nonradiolabeled LS444. However, the free LS444 fractional component is expected to be minimal because of the high radiochemical purities of peptides used. Having demonstrated the colocalization of the fluorescence and radioactive distribution, we explored a simple method to incorporate the high-resolution NanoSPECT/ CT radioactive data into the DOT image reconstruction to improve the localization accuracy of the axillary LN signal. A binary mask, created from the radioactivity distribution of the SPECT data, was multiplied by the simulated light propagation matrix to constrain the FMT image reconstruction. The SPECT/CT measurements fused with the FMT datasets reconstructed with a priori information (Fig. 4B ) demonstrated an improvement in congruency of the radioactive and fluorescence signal in the axillary regions. Because SPECT was used as a hard prior, the overlap between DOT and SPECT is inherently unity. Likewise, it is assumed that the fluorescence signal originates from conjugated complexes and not from free optically active fragments. A soft-prior approach to relax these conditions is suggested below. The average spatial discrepancy between the COM of the optical-nuclear datasets for all 5 rats was 2.68 6 1.0 and 1.33 6 0.85 mm, respectively, before and after the incorporation of SPECT as a priori information.
DISCUSSION
The multimodal optical-nuclear platform shown has the potential to elucidate underlying biologic mechanisms relevant to a wide array of diseases. We established the feasibility of integrating a fiber-based, video-rate FMT system with a preclinical NanoSPECT/CT platform. We used our recently developed MOMIA, which has the unique structural feature that both signals (fluorescence and radioactivity) emanate from the same source. The near-infrared fluorescent molecular probe LS444 served as a contrast agent for FMT, and the 111 In served as a source of signal for SPECT to facilitate the fusion of the optical and nuclear datasets with high spatial precision.
In this study, we evaluated the FMT and SPECT/CT system for imaging LNs in rats. CT provided highresolution, coregistered anatomic images. The combined optical-nuclear imaging demonstrated colocalization of a MOMIA in a spatially coincident region. We further demonstrated the congruency of the colocalization by incorporating SPECT as a priori information in the DOT reconstruction. The average spatial discrepancy in the COMs of the contrasts between SPECT and FMT improved from 2.68 6 1.0 to 1.33 6 0.85 mm after SPECT was incorporated into the into the FMT reconstruction.
Datasets acquired separately with optical and nuclear platforms have been integrated previously (12, 13) . For instance, Nahrendurfet et al. demonstrated the similarity between FMT and PET by combining the 2 datasets acquired sequentially on 2 different scanners using fiducial markers to coregister the data (13) . A strength of the current simultaneous optical-nuclear system is that it avoids the potential misalignment of datasets due to involuntary nonuniform movement of tissues during repositioning. Furthermore, the datasets in the presented study are coregistered in time. The first small-animal study in which optical imaging (scan rate not reported) was physically integrated into a PET system was reported by Li et al. (12) . Localization of the tumor with simultaneously acquired nuclear and optical datasets was performed after injection of 2 separate contrast agents (for fluorescence and radioactive detections) at different time points, separated by 24 h; thus, the datasets were not coregistered in time. Further, acquisition of the anatomic information using a different scanner might lead to a coregistration error of the functional molecular data with reference anatomy. To a significant extent, the system presented in this paper addresses many of these difficulties by combining 3 modalities (FMT, SPECT, and CT) within a single device. The FMT and SPECT/CT platform acquires the different functional (fluorescence and radioactive) and anatomic data either simultaneously or sequentially without requiring the subject to be moved from the bed. This design essentially eliminates differences in subject positioning and minimizes misalignment due to involuntary internal organ motion.
Although the current study did not focus on the dynamics of the LN accumulation, we have previously reported the capability of the FMT system for dynamic imaging by monitoring and generating time course data of the lymphatic dynamics for indocyanine green (14) . Accumulated dye in the axillary region of rats was imaged to a depth of 10-12 mm over a 10-min time course. Future studies will be needed to explore dynamic imaging of pharmacokinetics and pharmacodynamics for multimodal contrast agents.
Optical imaging can leverage the SPECT and CT information to improve accuracy during data processing and image reconstruction (10, 30) . For instance, we generated a small-animal 3D FEM using the 3D anatomic projections obtained from a CT scan to improve forward modeling of light propagation. In addition, incorporating SPECT data into the FMT reconstruction augmented the localization accuracy. An important future area of work is in developing algorithms to incorporate the SPECT data as a soft prior in the FMT reconstruction to optimize the fusion of the 2 data types (10).
The current FMT system setup has high dynamic range and linear response and accurate localization at various depths as shown with phantom studies. However, several potential improvements of the fiber-based, video-rate FMT system can still be identified. For instance, the sensitivity of the optical imaging in general is expected to decline with imaging depth, whereas SPECT has no depth limitation and easily extends to whole-body imaging. Possible extensions on the current design include extending the FMT field of view for more complete coverage. The design of the DOT imaging array shape and size can be based on the intended application. For example, the imaging array could have a cylindric shape with extended sources and detectors for whole-body imaging. The potential for an expanded fiber array system with up to 48 sources and 48 detectors has been demonstrated for brain imaging in humans (31) . A higher density imaging array could also potentially increase the resolution, particularly at the shallower depths for accurate localization of the target (32) . A second limitation is the existence of distortion or artifacts on the CT images due to the high attenuation coefficient of borosilicate glass fibers, compared with the bone. The possibility that switching to optical fibers composed of materials with lower attenuation than bone would reduce the artifacts remains a question for future investigation.
Another area of future work is to leverage the complementary contrast mechanisms of SPECT and FMT to evaluate biologic mechanisms. MOMIAs that use activatable optical contrast mechanisms provide complementary information to the always-on SPECT information. SPECT can be used for whole-body imaging to localize diseased tissue on the basis of maps of the concentration of molecule-targeted imaging agents whereas FMT would report local molecular events, such as enzymatic activity, to monitor therapeutic response (5, 15) .
CONCLUSION
We demonstrated integration of a fiber-based, video-rate FMT system with a preclinical NanoSPECT/CT platform. Because of the flexibility of the imaging fiber array, the video-rate FMT can accommodate the various imaging bore sizes of nuclear imaging systems. We used a MOMIA such that the nuclear and optical signals emanated from the same regions to facilitate the fusion of both datasets with high spatial precision. The depth-profiling capability of FMT was confirmed in phantoms by localizing MOMIA targets in tissue-mimicking phantoms in a range of depths from 5 to 10 mm. The average absolute error between the COM of the optical and nuclear datasets for all 3 depths was 4.1 6 2.1 mm, and the depth-dependent spread of the volume of the FMT data, compared with SPECT data, was 2.4 6 0.95 RGB after thresholding at 30% maximum. For in vivo imaging, we used the anatomic CT datasets to generate 3D FEM for light propagation. Colocalization of the MOMIA in both the FMT and the SPECT contrasts was demonstrated. We also observed improvement in the spatial correlation of the coregistered datasets after incorporating SPECT as a priori information to constrain the FMT data reconstruction. The average spatial discrepancy of the LN COMs between FMT and SPECT improved from 2.68 6 1.0 to 1.33 6 0.85 mm after the SPECT data were incorporated as a priori information into the FMT reconstructions. These results suggest that integrated multimodal FMT and SPECT/CT has the potential to become a powerful and practical tool for a broad array of real-time imaging applications.
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